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ABSTRACT 
Slip to Twinning Transition in the Microstructure of CoCrFeMnNi High Entropy 
Alloy under High Strain Rate Compression 
Shang-Hao Huang 
 
 High entropy alloys (HEAs) is a new concept of alloying design system 
which using multi-major components in the alloy. Little research has been done on the 
mechanical properties of CoCrFeMnNi high entropy alloy. This thesis focuses on the 
mechanical behavior and the microstructure transformation of CoCrFeMnNi HEA, 
with equimolar concentration of each component, under high strain rate (HSR) 
compression. The HSR compression experiment was carried out using Kolsky pressure 
bar at strain rate of 5000 s-1 and 8000 s-1. The HSR experiments results is compared 
with the deformation under quasi-static compression at strain rate of 10-3 s-1. The alloy 
exhibits higher yield strength, Vickers hardness, and strain hardening rate under high 
strain rate compression compared to conventional alloy system, such as stainless-steels, 
in the same strain rate conditions. The pre-strain and post-strain microstructures were 
studied using scanning electron microscopy and transmission electron microscopy. At 
HSR condition, twinning is the preferable deformation mechanism with certain grain 
  
xiii 
orientations while slip band formation dominates the deformation under quasi-static 
strain rate. Furthermore, not only there are nanotwins formed at the HSR conditions, 
but there is zero nano-twinning formation in the quasi-static condition in spite of the 
high yield strength and high flow stress during the process. A deformation mechanism 
alteration of slip to twinning transition is observed when increasing strain rate from 10-
3 s-1 to 8000 s-1. The great mechanical properties that results from high strain hardening, 
nano-twinning formation, and HEA core effects make the CoCrFeMnNi alloy an ideal 
potential material for military armor applications and structural applications. 
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CHAPTER 1: INTRODUCTION 
1.1  Background  
In general the alloy design and alloy production system can be divided into two 
systems, which differ based on the number of major components used in the alloy. In 
one system, one major component is used and minor additives are used to modify the 
properties of the alloy, such as magnesium and low alloy steels. In the other system, 
two major components are used, such as Ni-Al alloys and Ti-Al alloys. However, the 
conventional design concept greatly limits the metallic material system development. 
To combat this issue, the production of High Entropy Alloys (HEAs), a multi-major 
component system with equimolar or near-equimolar concentration, has been proposed. 
The core concept of the high entropy alloys is that the solid solution phases in the alloy 
would be comparatively stabilized because of their considerably high entropy that 
results from mixing several components. By using the Boltzmann’s hypothesis on the 
entropy with the character of a system,  
   Δ𝑆#$%& = 	  −k ln𝜔 = −𝑅 /% 𝑙𝑛 /% + /% 𝑙𝑛 /% + /% 𝑙𝑛 /% + ⋯+ /% 𝑙𝑛 /% = 𝑅 ln 𝑛     (1) 
where R is the gas constant and n is the number of the elements, it is found that the 
  
2 
configuration entropy of a five-element alloys is equal to 1.61R while with a two-
element alloy the entropy is only 0.69R [1].  
Table 1 indicates the configuration entropy of  alloys with different numbers of 
components, which the entropy of five-component alloys is 1.61R and the entropy of 
three-component alloys only minimally above 1R. Therefore, the mixing entropy of 
five-component alloys may be large enough to compete with the mixing enthalpy and 
can be used as the boundaries for high entropy alloys and medium entropy alloys. The 
configurational entropy of certain traditional alloys are shown on Table 2, where most 
alloys have low entropy while bulk metallic glass (BMG), Ni-base and Co-base alloys 
display medium entropies. Due to the variability on the composition of HEAs, these 
materials offers a wide range of diverse properties for which it has attracted tremendous 
research attention [1-4]. 
 
 
 
Table 1 Boundaries of the high entropy alloy correspond to the configuration entropy. 
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Table 2 Configurational entropies of typical traditional alloys at their liquid state [1]. 
 
 
 
 
1.1.1Four core effects  
There are four core effects that influence the microstructure and subsequent 
properties of HEAs including: high entropy effect, sluggish diffusion effect, severe 
lattice distortion effect, and cocktail effect. These are in turn related to the 
thermodynamics, kinetics, structure, and the properties of HEAs, respectively. 
1.1.2High entropy effect 
                  Δ𝐺567 = 𝛥𝐻567 − 𝑇𝛥𝑆567                       (2) 
According to the Second Law of Thermodynamics (Eq. 2), where Δ𝐺567 is the 
mixing free energy, 	  𝛥𝐻567  is the mixing free enthalpy, 	  and	  𝛥𝑆567  is the mixing 
entropy, the lowest mixing free energy,	  Δ𝐺567 , is the equilibrium state. 𝛥𝐻567  and 
𝑇𝛥𝑆567 compete with each other and at the higher temperature condition the entropy 
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term dominates. From the thermodynamic points of view, the elemental phases of one 
major element would exhibits both small ∆Hmix and ∆Smix, while compound phases 
would have large ∆Hmix but small ∆Smix. However, solid-solution phases with multi 
components would have a medium ∆Hmix but large ∆Smix, which would result in a large 
negative Δ𝐺567 . The alloy system would tend to form order structures such as 
intermetallic compounds if the alloy have a too large negative mixing enthalpy ∆Hmix. 
In addition, based on the Hume-Rothery rules, the atomic size of the elements would 
also affect whether the materials would form intermetallic compounds or solid solutions. 
The higher the atomic difference the easier the material would form intermetallic 
compounds. Therefore, based on the Second Law of Thermodynamics and the 
maximum entropy production principle, the high entropy phase is stabilized due to the 
high entropy effect. This allows for the tendency of HEAs to form solid solutions since 
the intermetallics are generally well-arranged phases with lower configuration entropy. 
According to Gibbs phase rule, 
                      P = C + 2 − F                             (3) 
where P is the number of the phases, C is the number of components and F is the 
maximum number of thermodynamic degrees of freedom in the system. In the high 
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entropy alloys the number of phases that form in the alloys is lower than the predicted 
number by the rule, which means that the entropy expands the solution limits between 
the elements. In addition, first and second transition metals are often used in the HEAs, 
design, such as CoCrFeMnNi HEA, because of their similar atomic radii, incomplete 
d-orbitals, and electronegativity, which would make them easier to form solid solution 
compared to other alloy systems such as Al-Mg-Si alloys. Consequently, the HEAs 
would not form a variety of stoichiometric compounds, leading to a brittle properties. 
Thus, the entropy of HEAs would be higher and lead to higher solution limits to form 
solid solution with multiple elements [4-9]. For example, Figure 1 is the XRD patterns 
for alloys with different numbers of component. 
 
 
Figure 1 XRD pattern of alloys with 2 to 7 elements with equimolar concentration [29]. 
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The XRD pattern demonstrated that because of the high entropy effect the alloy 
microstructure would maintain one to two separate phases with solid solutions with 
increasing numbers of component instead of forming intermetallics with several 
different phases. 
1.1.3 Sluggish diffusion effect 
 Phase formation and transformations that depend on atomic diffusion require 
cooperative diffusion of many different elements in order to attain the equilibrium 
partitioning. However, the vacancy concentration of the substitutional diffusion is 
limited in the high entropy alloys as found in the conventional alloys since a vacancy 
in the matrix is surrounded and competed by different components during the diffusion. 
Since every element has the same possibility of occupying the vacancy, it would impede 
the vacancy movement and end up decreasing the effective diffusion rate. Therefore, it 
is believed that high entropy alloys would exhibit slower diffusion and higher activation 
energy compared to pure metals and traditional alloys, such as stainless steels, as a 
result of the large fluctuation of lattice potential energy between lattice sites. This in 
turn would trap and hinder the atomic flow and lead to the sluggish diffusion effect. As 
shown in figure 2, the elements in HEA system displays the lowest diffusion 
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coefficients compared to other alloy systems. Due to the sluggish diffusion effect, 
HEAs are capable of reaching a supersaturated state, higher recrystallization 
temperature, slower grain growth, and higher creep resistance, which may be helpful 
when it comes to controlling microstructure and properties. Moreover, it is proposed 
that the sluggish diffusion effect of HEAs would lead not only to extraordinary high 
temperature strength and structure stability, but also the formation of nanoprecipitates 
structures because the nuclei are easier to generate but would grow slowly [7-13]. 
 
 
 
 
Figure 2 Temperature dependence of the diffusion coefficients for Co, Cr, Fe, Mn, and 
Ni in different alloys[10]. 
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1.1.4 Severe lattice distortion effect 
 Since each element in the HEAs has the same possibility of occupying the lattice 
sites, every atom is surrounded by different kinds of atoms, leading to the lattice strain 
and stress resulting from the atomic size difference. In addition, the different bonding 
energy and crystal structural tendency would produce even greater lattice distortions 
due to the non-symmetrical binding and electronic structure inside the matrix, which 
would change from site to site in the lattice. Thus, the lattice distortion in high entropy 
alloys is much greater than that in the conventional alloys since in conventional alloys 
the matrix atoms usually surround the same kind of atoms, shown in Figure 3. As a 
result, the strength of HEAs would increase due to the large solution hardening in the 
severely distorted lattice. In addition, lattice distortion would affect not only the 
mechanical properties but also reduce the thermal and electrical properties. The thermal 
and electrical conductivity would be decreased effectively due to electron and phonon 
scattering, as shown in Figure 4. [14-17]. 
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Figure 3 Schematics of lattice distortion. (a) perfect lattice with the same atoms of Cr 
(b) severe lattice distortion as a result of different kinds of elements [14]. 
 
 
 
 
Figure 4 Schematic illustration of the lattice distortion effect on Bragg diffraction. (a) 
perfect lattice (b) distorted lattice with solid-solution of atoms of different sizes which 
are randomly distribute in the lattice [2]. 
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1.1.5 Cocktail effect 
As the same concept in a cocktail, not only the properties of HEA can be greatly 
tuned by adjusting the alloying composition, but it can reach better value that can’t be 
obtained from each single element. Since there are at least five different elements in the 
HEAs, they can be viewed as atomic-scale composites. Thus, their composite properties 
are not only the result of the basic properties by the mixture rule but also the result of 
the mutual interactions amongst all of the elements in the microstructure and the severe 
lattice distortion. For instance, as shown in Figure 5, the hardness of the high entropy 
alloy can be changed considerably by adjusting the Al content in the CoCrCuNiAlx 
HEAs, which the Al content can give strong solution and second phase strengthening 
of the HEA. In addition, the refractory WNbMoTaV HEA developed by researchers at 
the Air Force Research Laboratory, which are designed with additional refractory 
elements, such as W(Tm=3695K), and Ta(Tm=3290K), display a much higher melting 
temperature than V (Tm=2183K) and Ni-base superalloys [1,18-20].  
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Figure 5 Hardness (A), and lattice constants of the FCC phase (B), and of the BCC 
phase (C) of CuCoNiCrAlx alloy system [2]. 
 
 
 
The properties of HEAs may vary based on the constituent elements unlike 
conventional alloys, where the properties are mostly based on the dominant element. 
Due to the four core effects and unique composition, HEAs exhibit superior mechanical 
properties such as increased strength, hardness, and creep resistance, and thermal 
stability compared to traditional alloys. These properties allow for survivability under 
extreme environments such as extreme high strain rate condition or low temperature. 
However, the deformation mechanisms of the HEAs under the previously mentioned 
extreme conditions still remain unclear.  
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1.2 Motivation and Hypothesis 
 Two major mechanisms activated under plastic deformation are twinning 
formations and slip bands (SBs). SBs are formed by a set of several crystal planes in 
the same symmetrical direction slide through each other by dislocation glides. Twinning 
formed by moving the atoms in the structure only a small distance and forming mirror 
structure of the parent grains. Twin boundaries (TBs) not only obstruct the dislocation 
movement effectively but can also provide sufficient space for dislocation 
accumulation. Since twinning formation only needs a slight movement of the atoms, it 
can activated much easier than slip bands under high strain rate conditions. Slip bands, 
however, usually only take place on a few crystallographically equivalent planes. 
 
 
 
 
Figure 6 schematics of slip bands (a) and twin formation (b) under tensile stress.  
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The activation of slip bands typically occurs in the early stages of strain hardening 
and the contribution of twinning formation to the overall deformation increases with 
reducing temperature. Thus in the pure FCC metals, deformation twins usually only 
occur at very low temperatures and at normal strain rates. However, it has been shown 
that many highly alloyed FCC metals produce a substantial amount of deformation 
twins at room temperature[28-31]. The high solute concentration inside the matrix 
obstructs the dislocation movement and hinders the slip band formation effectively, 
forcing the material to form twins to cope with the applied stress.  
Strain rate and temperature effects are usually coupled by an Arrhenius type 
equation in a thermally activated process. In general the equivalence of high strain rate 
and low temperature is valid for twinning. The preferential tendency for twinning 
formation over slip bands are very sensitive to strain rate but comparative slowly with 
temperature. Thus, it is believed that with higher strain rate it is more likely to form 
nanoscale TBs. It is not only much easier to obstruct the dislocation movement with 
TBs formation, but the division of the parent grain into two lamellas and one twin 
allows for the reduction of the grain size in the microstructure. 
In addition, it has been reported that the stacking fault energy (SFE) of the metal 
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must be lower than some critical value so as to allow for the formation of deformation 
twins[31]. A critical amount of dislocation densities is required for the nucleation of 
deformation twins in the FCC metals. The low stacking fault energy, due to the 
extremely high solute concentration in the alloy, is proposed to be the dominating factor 
for the decreasing of the stress needed to nucleate twins [25]. It is revealed that the 
thickness of the deformation twins is also related to the SFE [24]. The lower the SFE the 
thinner the twins that form, and the SFE of CoCrFeMnNi HEA has been reported to be 
approximately 20 mJ/m2 to 25 mJ/m2, which is relatively lower than many conventional 
metals and alloys (Figure 7)[25]. Therefore, the cause of the lowered stress requirement 
for deformation twins in HEAs are believed to be the low SFE, the sluggish diffusion, 
and the severe lattice distortion that blocks the dislocation movements and vacancy 
diffusion. As a result, twinning is expected to be the preferred mechanism under 
deformation with high strain rate. These structure transformations may have a large 
effect on the mechanical behavior of high entropy alloy [21-31]. 
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Figure 7 Comparison of the stacking fault energies of different alloys and CoCrFeMnNi 
high entropy alloy [25]. 
 
 
 
 
One of the most widely studied HEAs materials is the CoCrFeMnNi alloy with 
FCC crystal structure. Though the alloy was successfully synthesized more than a 
decade ago, it had never been researched mechanically until recently. It has been known 
that the microstructure change is closely related to the strain-rate during plastic 
deformation[30,32,35]. Research to date has concentrated on the behavior of HEAs plastic 
deformation under tensile strain test at quasi-static strain rate, and rolling at 77K and 
293K. In the tensile strain test, the alloy displayed an increase in tensile ductility with 
decreasing temperature, which is opposite to most other materials. The preliminary 
results suggest that the inverse dependence on tensile strength and temperature may 
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result from the formation of deformation-induced twinning that delay the onset of 
localized plastic deformation, leading to failure. However, there are few reports focused 
on the properties of HEAs with FCC structure under compression or the behavior and 
the microstructure change under more extreme conditions such as high strain rate (HSR) 
compression [35,36].  
High strain rate properties is very important for many metalworking operations, 
military armor, defense applications, and many structural engineering applications. In 
structural engineering applications, a variety of components must be designed to work 
under a wide range of strains, strain rates and temperature conditions. The mechanical 
properties under extreme conditions such as high strain rates is similar to that in the 
defense and armor applications. Thus, it is important to understand the mechanism of 
plastic deformation and the mechanical behavior for HEA under different strain-rate 
conditions. The goal of this thesis is to study the mechanical behavior, microstructural 
transformation, and the mechanism of the mechanical properties improvement of 
CoCrFeMnNi HEA under high strain rate compression and quasi-static compression [32-
38]. 
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CHAPTER 2:  EXPERIMENTAL METHOD 
 
 
 
 
Figure 8 Experiment flow chart 
 
 
 
2.1 Sample preparation 
 A single phase CoCrFeMnNi high entropy alloy with FCC structure was used in 
the present work to study the deformation behavior under both high strain rate (HSR) 
compression and quasi-static compression. All the HEA samples used in this thesis 
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were prepared by Dr. Zhang from University of Science and Technology in Beijing. 
The alloy was produced by vacuum arc melting and the purity of each component in 
the alloy was above 99.9% with equimolar concentration, as shown in Figure 9. The 
alloy was repeatedly melted and solidified to achieve a completely alloy state and 
annealed at 1100 °C for 24 h for homogenization. Prior to compression experiments, 
cylinder ingots were rolled 25% at ambient temperature followed by annealing at 1100 
ºC for 2 h for recrystallization of finer strain-free and equiaxed grains. Ingots were cut 
into 4 x 4 x 2 mm3 samples by electric discharge machining (EDM). Sample surfaces 
that were in contact with the incident bar and transmitted bar were polished to 3µm 
using diamond thin film. 
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Figure 9 Schematics of vacuum arc melting [37]. 
 
 
 
2.2 Kolsky Pressure Bar Test 
  To study the microstructure of CoCrFeMnNi high entropy alloy under the 
high strain rate compression a Kolsky (Split- Hopkinson)) pressure bar is applied in the 
experiment as shown in Figure 10. The specimen was inserted between the incident and 
the transmission pressure bar, comprised of high-strength steels that remain elastic 
throughout the duration of the test. In principal, the loading pulse is generated by axial 
impact from a third striker bar, which is in turn accelerated to impact velocity. The 
driving force of the striker bar is applied by a torsion bar spring, where the loading 
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mechanism is carried out by a hydraulic piston and is released by a shear pin. The striker 
is the same material as the pressure bar and have the same diameter as well. The impact 
wave (εi) from the striker bar propagates in the lateral direction through the incident bar. 
The amplitude of the wave, which is controlled by the release position of the spring 
loader, is proportional to the impact velocity. After the impact wave travels to the 
specimen, part of it is reflects from the specimen-incident bar interface (εr) while the 
rest of the wave transmits through the transmitter bar (εt).  
 
 
 
 
Figure 10 Schematics of Kolsky pressure Bar 
 
 
 
The electroresistance strain gauges mounted on the incident and transmitted bars 
records the previously mentioned pulses and is positioned so that the incident and 
reflected pulses do not overlap. The one-dimensional theory of elastic wave 
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propagation is utilized to obtain the compression strain ε, strain rate 𝜖, and stress σ:  
                     𝜖 = BCDEF 𝜖GHI 𝑑𝑡                            (4) 
                     𝜖 = BCDLF 𝜖G                                (5) 
                     𝜎 = NOOP 𝜖H                                  (6) 
where L is the initial length of the specimen, C0 is the elastic wave velocity in the bar 
(4890 m/s in this case), E is the Young’s modulus of the pressure bar and A/As is the 
area ratio between the pressure bar and the specimen.  
A copper pulse shaper with a thickness of 0.27mm was used to smooth the input 
stress pulse. Specimens were deformed under compression with strain rates of ~5000 
s-1 and ~8000 s-1 while the whole processes was recorded using a Shimadzu HPV-X 
high speed camera with a frame rate of 1,000,000 frames per second with a resolution 
of 400 x 250 pixels. [40-42] The results obtained from the Kolsky bar test were compared 
with the samples under quasi-static compression test. The quasi-static compression was 
carried out on a Shimadzu AG-IC standard compressive load frame at strain rate of 10-
3 s-1. As mentioned in the previous section, since the strain rate and the temperature 
effects are usually coupled by an Arrhenius type equation, it is essential for the future 
work to study on the relationship between the high strain rate compression of 
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CoCrFeMnNi alloy under cryogenic condition and ambient temperature. 
2.3 Electron Backscattered Diffraction (EBSD) 
 To study the microstructure after the compression test, all the samples were 
mounted in epoxy and polished to 0.05 µm with silica suspension . The microstructure 
was analyzed using FEI XL30 environmental scanning electron microscope (ESEM) 
operated at an acceleration voltage of 20 kV and a 200x and 1000x magnification. 
Polished samples were placed in the SEM and tilted approximately 70° from the 
horizon. The EBSD detector was equipped with a CCD camera and phosphor screen 
combined with a digital frame grabber given by Figure 11. The Kikuchi pattern 
corresponding to the material of the sample on the phosphor screen is electronically 
digitized and processed, as shown in Figure 12, to identify the phase, and determine the 
crystal orientation. In addition, the data may be attained on a grid over a selected 
scanning area of the surface to gather the orientations and spatial relations of a large 
amount of grains [43-45]. Orientation imaging microscopy (OIM) software was used for 
microstructural analysis, such as the grain boundary analysis on the ∑ 3, ∑ 9, and ∑ 27 
twin grain boundaries. 
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Figure 11 Schematics of EBSD working principle[40]. 
 
 
 
 
Figure 12 Typical high resolution EBSD Kikuchi pattern [42].  
 
 
 
2.4 Nye tensor dislocation density analysis 
 Dislocations in the materials can alter the mechanical properties and play an 
important role in varying the microstructure of the material. Thus, to study the 
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microstructure and the deformation mechanism under high strain rate compression it is 
crucial to measure the dislocation densities quantitatively. From the definition of the 
Nye’s dislocation density tensor, the dislocation density at a point to the Burgers vector 
and the dislocation line direction is: 
                          𝛼6R = 𝑛𝒃𝒊𝒓𝒋                             (7) 
where n is the number of dislocations intersecting with a unit area normal to r, b is the 
Burgers vector of the dislocations and r is the unit of dislocation.  
 
This dislocation density tensor takes only the net dislocation density, the 
geometrically necessary dislocations (GNDs), of the given volume into account, which 
is correlated to the curvature of the material at that point. However, the total dislocation 
density consists of both the geometrically necessary dislocations and the statistically 
stored dislocations (SSDs) which isn’t correlated to the curvature and does not have a 
burgers vector. But as long as the probing volume of the material is reduced toward the 
length scale of the dislocation spacing, the dislocation densities of all dislocations 
should be reachable. For instance, if larger subdivisions are used for calculating the 
dislocation densities, the dislocations that contribute locally will not be taken into 
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account since they cancel one another (Figure 13). In turn, the measured dislocation 
density may reach the value of true dislocation density if the selected analyzing volume 
is reduces to zero. Therefore this technique is efficient in detecting both the GNDs and 
SSDs in the structure due to the scale in the probe. By using the Nye tensor dislocation 
density analysis, the resulting dislocation density value may be mapped to visualize the 
dislocation structure (Figure 14).  
The commercially available OIM software can also provide the local orientation 
spread and kernel average misorientation maps from the EBSD data for dislocation 
analysis. This involves local spread analysis, which uses each data point obtained from 
the EBSD scan as the center of a kernel of n closest neighbors and averaging the 
misorientation of each pair of points using the mean value for the center point. Kernel 
average misorientation is based on the same analyzing concept except that only the 
misorientation between the center and the other neighbor points are used. Though the 
local orientation spread and kernel average misorientation maps that are carried out by 
the OIM software is fast and convenient, which may reach an approximate estimation 
of the GND density, the Nye tensor analysis can provide a more quantitative result with 
respect to the dislocation density measurement [46-47]. 
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Figure 13 Schematic illustration of the statistically stored dislocation inside region that 
subdivided to two length scale. [46]. 
 
 
 
 
Figure 14 Typical dislocation densities map [47]. 
 
 
 
2.5 Twin density and the activated slip bands density analysis 
 The twin densities for every strain rate condition were obtained using TSL OIM 
software with calculation of the grain boundary length percentage of the summation of 
the ∑ 3, ∑ 9, and ∑ 27 twin grain boundaries in the EBSD map. The activated slip band 
density calculations were carried out using the line intercept method, where 16 lines 
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placed in both lateral and vertical direction are drawn over the Nye tensor dislocation 
density maps. Points at the intersections of each slip band, which is the high dislocation 
density region, with the manually drawn lines. The activated slip band density is then 
obtained from equation (8), 
                     𝜌 = /C (YZ[F[ + YZ\F] )                             (8) 
where NL and Nv are the numbers of points in lateral and vertical direction, 
respectively. LL and LV are the total length of the lines drawn in lateral and vertical 
directions on the map[48].   
2.6 Vickers Hardness (HV) measurement 
 Vickers Hardness measurements were conducted using LECO M-400 
Microhardness Tester with a loading force of 200gf. Microindentation was performed 
using a diamond in the form of a square-based pyramid. HV numbers were calculated 
from F/A ratios demonstrated in formula (9) and (10): 
                           𝐴 = `aC bcd efg°a                             (9) 
                          𝐻𝑉 = jO = /.lmnnj`a                          (10) 
where F is the loading force and A is the surface area of the indentation. 
 
  
28 
CHAPTER 3: RESULT AND DISCUSSION 
The microstructure of CoCrFeMnNi high entropy alloy samples that annealed at 
1100 °C for 2h before the experiments are shown in Figure 15. Figure 15(a) is an EBSD 
inverse pole figure (IPF) map that displayed the grains structures with different grain 
orientations, which the axis of the projection sphere are aligned with the crystal 
directions. The grain orientations, in this case, are color coded with full red, green, and 
blue corresponded to <100>, <110>, and <111> directions, respectively. In the pre-
strain condition it is found that the alloy has homogeneous equiaxed microstructure of 
average grain size ~120 µm, and annealing twins in the structure with thickness 
between 10 to 30 µm. Figure 15 (b) and 15 (c) are the Nye tensor dislocation density 
map (m-2) and average grain dislocation density (m-2) map, respectively. It is clearly 
from the maps that after the 2 h- annealing all the grains in the structure are strain free 
with low dislocation densities uniformly distributed. Figure 15 (d) is the grain boundary 
map that the ∑ 3 twin grain boundaries are highlighted in red and ∑ 9, and ∑ 27 twin 
grain boundaries are highlighted in blue. There are no deformation twins and slip bands 
formed in the pre-strain condition. Table 3 lists the grain sizes counted with and without 
twins, yield strengths that measured at the start of the imposed deformation, and Vickers 
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hardness that measured after the deformation through micro-indentation. in all the 
experiment conditions. Since twin formation would turn the grain into one twin grain 
and two lamellas, the average grain size would decrease when taking the twins into 
account. 
 
 
  
 
Figure 15 (a) Inverse pole figure (IPF) map of pre-strain condition of CoCrFeMnNi 
alloy. 
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Figure 15 (b) Nye dislocation density map of pre-strain condition of CoCrFeMnNi (c) 
Nye tensor average grain dislocation densities map alloy. 
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Figure 15 (d) Grain boundary map of pre-strain condition of CoCrFeMnNi alloy. 
 
 
 
The strain rate vs time curves of 5000 s-1, 8000 s-1, and 0.001 s-1 conditions are in 
the Figure 16. The stress-strain curve results of the Kolsky bar testing and the quasi-
static compression are showed in Figure 17. Under the same temperature condition it is 
found that CoCrFeMnNi HEA is strain rate sensitive and the yield strength is actually 
increased with increasing strain rate as a result of the strain hardening. Figure 18 is the 
strain hardening rate graph. As the figure reveals, the HSR condition displayed a much 
higher strain hardening rate at the same strain condition. In addition, it is observed that 
the Vickers Hardness also increased from VHN= 134.71 to VHN= 301.99 as a result of 
the high strain hardening rate in the condition of strain rate of 8000 s-1. Since  
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deformation twins formed during the compression would serve as strong barriers for 
dislocation glides and lead to the increasing of defects in the material and the decrease 
of dislocation mean free path, therefore instead of forming slip bands, deformation 
twinning may be the preferable mechanism during the high strain rate deformation. 
Also, with higher strain rate compression it would result in the increase of dislocation 
densities [49-51]. Comparing the stress-strain results of the CoCrFeMnNi HEA with Al-
Cu alloys and Al-Mg alloys in figure 19, which display strengthening effect resulting 
from limited solubility, it is found that the HEA has a slightly better yield strength in 
general[65].  
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Figure 16 Strain rate curves of (a) HSR conditions (b) Quasi-static strain rate condition. 
 
 
 
 
Figure 17 Stress-Strain curve in high strain rate conditions and quasi-static condition 
 
 
 
  
34 
 
 
 
Figure 18 strain hardening rate of different strain rate condition as a function of strain 
and flow stress. 
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Figure 19 stress-strain curves of Al-Cu alloys and Al-Mg alloys [65]. 
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Figure 20 are the stress-time curve of Kolsky bar test with images of different 
stages of the compression process that captured by the high speed camera setup. The 
whole deformation process is done within 100 µs. Because of Poisson effect, HEA with 
a positive value of Poisson’s ratio, when is under high strain rate compression, would 
tend to expand in the other two directions that are perpendicular to the compressed 
direction[66]. Thus, from the actual image from the recorded video it can be seen that 
the materials is getting longer on the vertical direction 
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Figure 20 (a) Stress-time curve (b) Actual images of three different stages of the 
compression process. 
 
 
 
Figure 21 shows the microstructure characterization of the CoCrFeMnNi HEA 
after HSR compression with strain rate of 5000 s-1 with magnification of 200x, with the 
IPF map that displayed the crystal orientation map. It can be seen from Fig. 21(a) that 
there were lots of subgrains and slip bands formed during the deformation with low 
angle misorientation with 0-10 degree as shown in Figure 21 (a-1) where the point-to-
point misorientation is depicted in red while the point-to-origin misorientation is 
depicted in blue. It is also found that there are many deformation twins formed in the 
microstructure with a grain misorientation of 60 degrees from the high angle grain 
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boundaries as shown in the misorientation graph of Figure 21 (a-2). It is worth noting 
that the average grain size is reduced to ~ 96 µm because of the twinning formation. 
Furthermore, the annealing twins started to migrate with strain rate of ~5000 s-1, leading 
to the annealing twin boundaries distortion and forming step-like structure. From figure 
21 (b) and (c) it is clear that the dislocations formed and accumulated around the slip 
bands and the deformation twins, leading to a much higher dislocation densities 
compared to pre-strain condition. It is worth noting that even under this extreme 
condition with high strain rate of 5000 s-1, from the IPF map and the grain boundary 
map, which the twin boundaries are highlighted in color red, it is illustrated that only 
grains with certain orientations formed and accumulated deformation twins around the 
grain boundaries, as opposed to uniformly throughout the whole scan area. 
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Figure 21 (a) IPF map with strain rate of 5000 s-1 under magnification of 200x. 
 
 
 
 
Figure 21 (a-1) misorientation graph of slip bands with strain rate of 5000 s-1 under 
magnification of 200x 
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Figure 21 (a-2) misorientation graph of deformation twins with strain rate of 5000 s-1 
under magnification of 200x. 
 
 
 
 
Figure 21 (b)Nye tensor dislocation density map with strain rate of 5000 s-1 under 
magnification of 200x. 
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Figure 21 (c)Nye tensor average grain dislocation density map (d) grain boundary map 
with strain rate of 5000 s-1 under magnification of 200x. 
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Then with higher magnification of 1000x it is found that the twins propagated in 
the primary grains and across the primary grain boundaries. This may be the result of 
the twinning on one side of the grain caused an impingement effect and initiated the 
nucleation and growth of the twin on the neighboring grain[67]. In addition, by 
comparing the IPF map and the Nye tensor dislocation map it is proposed that there are 
strain-free spherical grain recrystallized with low dislocation density at the grain 
boundary, as shown in figure 22 (a), (b) and (c). In addition, a spherical strain free 
structure with lots of dislocations piled up around the matrix with relatively small size 
is observed in the center of the scan area. To clarify the structure of the area an EDS 
scan on the spherical matrix and outside the matrix is applied. By comparing the EDS 
spectrums in the Figure 23 it is clear that the spherical matrix is a Cr-rich precipitate 
with size of ~7 µm and structures of BCC and tetragonal structures. Since the spherical 
precipitates are found in all strain rate condition, it is believed that the precipitation 
occurred during the annealing at 1100°C for 24h[52]. Though the precipitate would cause 
the dislocations to accumulate around it, based on the comparatively small size, it 
shouldn’t have essential effect on the mechanical behavior of the alloy. There are also 
a few deformation twins with different directions observed in the microstructure of 
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5000 s-1 conditions, which the phenomena is more evident in the 8000 s-1 conditions 
and is more clear under Transmission electron microscope (TEM). 
 
 
 
Table 3 Total grains and the grain sizes in the scan area of different strain rate condition 
 
 
 
 
 
Figure 22 (a) IPF map with strain rate of 5000 s-1 under magnification of 1000x. 
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Figure 22(b)Nye tensor dislocation density map (c)Nye tensor average grain dislocation 
density map with strain rate of 5000 s-1 under magnification of 1000x. 
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Figure 23 EDS spectrum of (a) on the spherical matrix and (b) outside the matrix. 
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With strain rate increased up to ~8000 s-1 the formation of slip bands and  
deformation twinning become more evident, with the highest deformation twin density 
and slip bands density of all strain rate conditions, which can be seen in the figure 24. 
The values of average dislocation density and the average grain dislocation density also 
increased because of the dislocation piled up around the twins, as shown in Table 4, and 
Table 5. The slip bands density calculations are carried out using line intercept method. 
The line intercept method refers to that 16-18 lines were drawn in vertical and 
horizontal direction and the density value were obtained by counting the intercept 
points of the lines and the slip bands on the Nye tensor dislocation density maps . One 
thing worth noticed is that with higher strain rate it is more manifest that twinning only 
occur at certain grain orientations. It is also found that deformation twin formed inside 
the annealing twins and only propagated within the same grain without crossing the 
grain boundaries. Surprisingly, even though twinning formation is fully activated and 
has become the dominant mechanism under the 8000 s-1 conditions, twinning still only 
forming in the grains with certain grain orientations instead of forming all over the 
microstructure. In addition, it is observed with higher magnification in figure 25 that 
there are twinning overlapping and twinning interception, which is the result of 
  
47 
formation of extensive secondary twins that intercepted the primary deformation twins. 
The formation of twinning interceptions would impede slip on all slip systems, leading 
to a much higher strength and hardness. By comparing the results with different 
materials from the literature, it is proposed that with a much higher strain hardening 
rate result from the high strain rate compression, the twin interception can be activated 
under a much lower strain[53]. There are probably more deformation twins with finer 
grain size and thickness formed during the process but cannot be observed by EBSD. 
Due to the limit of the spatial resolution of the ESEM, the thickness of the deformation 
twins observed is around 0.5 µm. 
 
 
 
 
Figure 24(a) IPF map with strain rate of 8000 s-1 under magnification of 200x. 
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Figure 24 (b)Nye tensor dislocation density map (c)Nye tensor average grain 
dislocation density map with strain rate of 8000 s-1 under magnification of 200x. 
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Figure 24 (d) grain boundary map with strain rate of 8000 s-1 under magnification of 
200x 
 
 
 
 
Figure 25 (a) IPF map with strain rate of 8000 s-1 under magnification of 1000x. 
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Figure 25(b) Nye tensor dislocation map (c)Nye tensor average grain dislocation map 
with strain rate of 8000 s-1 under magnification of 1000x. 
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Figure 25 (d) grain boundary map with strain rate of 8000 s-1 under magnification of 
1000x. 
 
 
 
Table 4 Values of dislocation densities and slip bands densities of different strain rate 
conditions. 
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Table 5 Deformation twin densities of different strain rate conditions 
 
 
 
 
To further understand the role of the grain orientation and the twinning formation 
mechanism under high strain rate compression, the [010] IPF maps, which the [010] 
direction is aligned with the compression direction, and the Taylor factor maps 
of{111}[1-10] slip systems for both 5000 s-1 and 8000 s-1 conditions are applied in 
figure 26 and figure 27, respectively. Since the twinning is also a stress-driven process, 
it may be reasonable to assume that Taylor factor may affect the twinning formation. 
As the figures reveal, first, the deformation twins tend to form within the grains with 
an orientation near [311] direction and there are no deformation twinning formed in the 
[101] direction in spite of the high strain hardening from the extreme high strain rate in 
both 5000 s-1 and 8000 s-1 conditions, which indicates that the twinning has a preferable 
forming grain orientations under HSR compression. Second, twins were found in grains 
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with a wide range of Taylor factor values. Therefore, by combining the IPF and the 
Taylor factor maps it is believed that Taylor factor is not the only factor that affects the 
twinning, and the mechanism is more dependent on grain orientation [54]. 
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Figure 26(a)[010] IPF map with strain rate of 5000 s-1 (b) [010] IPF map with strain 
rate of 8000 s-1 under magnification of 200x. 
 
 
 
 
 
 
Figure 27(a) Taylor factor map with strain rate of 5000 s-1 (b) Taylor factor map with 
  
55 
strain rate of 8000 s-1 under magnification of 200x 
 
Furthermore, Transmission Electron Microscope (TEM) with a much higher 
spatial resolution was used so as to study the microstructure of the HEA alloy under 
high strain rate compression. Bright Field (BF) TEM images of 8000 s-1 conditions 
taken with different magnifications are shown in Figure 28 and Figure 29. First, several 
sets of nano-scale deformation twins bundles with lots of dislocations accumulated 
around them were observed, which the twins with thickness of a few nanometers were 
formed closely together in forms of bundle with thickness less than 350 nm. Also, it is 
observed that nano-twinning were forming inside the annealing twins. Because of the 
interaction volume between the alloy specimens and the electron beam from the 
microscope, the nanotwins bundles may be recognized as microtwins in the EBSD. In 
addition, since the nanotwins would cause a consecutive refinement of the 
microstructure of the alloy, which would generate lots of barriers to the dislocation 
glides and decrease the dislocation mean free path, the formation of lots of nanotwins 
bundles would lead to dynamic Hall-Petch effect. Thus, the thinner the twin spacing, 
the higher the stress needed for the dislocation movement [55-56]. Second, the twin 
interception results from the formation of secondary twins are clearly observed in 
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Figure 26, which haven’t been observed in other materials under the same strain rate 
conditions.  
 Comparing the results with other materials, it is found that under the high strain 
rate conditions the deformation mechanism of both 304 Stainless Steel and 316L 
Stainless Steel are affected by the combination of martensitic transformation and the 
twinning formation, and the twinning tend to happen under a much high strain rate of 
104 s-1. Second, in the Inconel 690 alloy although there is also twin formation in the 
alloy under the strain rate range of 2.3 x103 s-1~8.4 x103 s-1, the twinning tends to occur 
at a much higher strain regime (strain=0.7). Third, in the Inconel 718 alloy there are 
only dislocation cells formed under high strain rate conditions because of its high 
stacking fault energy. Therefore, twinning formation is either not the dominant 
mechanism or only occur later at much higher strain regime for the materials mentioned 
above. In addition, from the TEM results the CoCrFeMnNi HEA displays a higher 
nanotwins densities and more twin bundles compared to other materials in the same 
strain rate and strain conditions[54,57-63].  
 
 
 
  
57 
 
 
 
 
 
Figure 28 TEM BF images of (a) matrix (b) nanotwin bundles with strain rate of 8000 
s-1. 
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Figure 29 BF TEM images of (a)twin interceptions(b) highlight of the interception with 
higher magnification with strain rate of 8000 s-1. 
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Figure 29 BF TEM images of (c) images of structure and the diffraction pattern of 
nanotwins with strain rate of 8000 s-1. 
 
 
 
The quasi-static compression test with a strain rate of 10-3 s-1 is carried out with a 
strain rate of 10-3 s-1, and the result is compared to the HSR conditions. It is observed 
from the EBSD analysis and the Nye tensor dislocation analysis that there are only slip 
bands formed during the simple compression with the lowest dislocation density of 
1.066 x1014 m-2 and lower average grain dislocation density. In addition, it is cleared 
from Figure 30(d) that all the twins in the microstructure are the annealing twins that 
formed before the compression. In addition, TEM analysis was applied on the quasi-
static samples as well in order to further study the microstructure with a much higher 
spatial resolution. As shown in figure 31 that there were lots of dislocations over the 
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whole microstructures but there were zero nano-twinning formed during the quasi-
static compression process. Thus, with the highest slip bands densities and zero 
twinning formation it is conclude that slip bands formation is the dominant mechanism 
under the quasi-static compression.  
 
 
 
 
Figure 30 (a) IPF map of quasi-static compression. 
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. 
 
Figure 30(b) Nye Tensor dislocation density map (c) Nye Tensor average grain 
dislocation density map of quasi-static compression 
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Figure 30 (d) grain boundary map of quasi-static compression. 
 
 
 
 
 
Figure 31(a) TEM BF pictures of dislocation structure under quasi-static condition. 
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Figure 31 TEM BF pictures of (b) dislocations with diffraction pattern under quasi-
static conditions. 
 
 
 
Compared the results of EBSD and TEM scans of both quasi-static conditions and 
high strain rate conditions, it is observed that there are lots of microtwins with width of 
around 0.5 µm in the EBSD analysis and there are lots of nanotwinng with width of just 
only a few nanometers with a strain rate of 8000 s-1. However, there are lots of 
dislocations but zero twinning in the quasi-static conditions in spite of the high strain 
hardening under the quasi-static compression. 
By comparing these results to the literatures, it is found that although deformation 
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twins are believed to be easier to form with a large grain size, CoCrFeMnNi alloy with 
a grain size of 120.6 µm, which is almost three times larger than the grain sizes of α-
Brass, and MP35N Sirous Asgari et al. used[53], still did not form any twins in the 
deformation under the same strain rate and strain. However, the onset of twinning of 
both α-Brass, and MP35N occurred when the strain was larger than 0.11 under simple 
compression [31,53]. In the case of Cu-2.2%Al alloy with a similar SFE of 20mJ/m2 and 
a similar grain size, the twinning formation occurred at strain of 0.13 [64]. In addition, 
S.-H. Joo et al proved that for CoCrFeMnNi high entropy alloy with grain size of 
around 30 µm under a strain rate of 10-4 s-1 the onset of twinning would happen at strain 
larger than55% [55]. Therefore, it is believed that the onset of twinning of CoCrFeMnNi 
under quasi-static deformation is much later than other low SFE metals in the higher 
strain regime. Consequently, it is purposed that for CoCrFEMnNi high entropy alloy 
there would be a slip to twinning transition with a strain rate range of 10-3 s-1 to 8000 s-
1 in the intermediate strain range. 
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CHAPTER 4: CONCLUSION 
 Kolsky pressure bar test with high strain rate compression and the quasi-static 
compression were carried out to study the mechanical behavior and the microstructure 
transformation of CoCrFeMnNi high entropy alloy during deformation. First of all, it 
was found that the dislocation densities, and Vickers Hardness both increase with 
increasing strain rate as a result of the higher strain hardening rate at HSR condition. 
Second, twinning with around 0.5 µm is the dominant mechanism that controls the 
deformation of the alloy during the compression, which the twinning formation would 
not only be the barriers for dislocation movement but would also provide space for 
dislocation storage. In addition, the nano-twinning with width of only a few nanometers 
were formed when increasing the strain rate to 8000 s-1. The continuous structure 
refinement provided by the nano-twinning and the activation of secondary twinning 
would not only reduce the dislocations mean free path and lead to dynamic Hall-Petch 
effect, but also hinder the plane slip in all the slip systems. In addition, twinning 
formation is highly related to the grain orientation. Zero twinning was observed in the 
grains of [101] directions.  
However, slip band formation is the only and major mechanism that activated 
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during the quasi-static compression with zero twinning observation in the EBSD  
microstructure analysis. In addition, with the TEM microstructure analysis there are 
lots of dislocations but zero nano-twinning in the microstructure in spite of the high 
strain hardening during the quasi-static compression compared to other conventaional 
alloys. Furthermore, even though there are twinning formation in other conventional 
alloy systems with FCC structures and a similar low SFE, the twinning is either not the 
dominant mechanism or may even occur much later with a higher strain rate and much 
higher strain regime. It is believed that the different twinning mechanism of 
CoCrFeMnNi HEA that compared to other alloys is the result of the HEA core effects 
and the much higher strain hardening rate during the compression. In consequence, 
CoCrFeMnNi high entropy alloy displays a slip to twinning transition when increasing 
the strain rate from 0.001 s-1 to 5000 s-1 and nano-twinning formation when increasing 
strain rate to 8000 s-1. The great mechanical properties, which result from the HEA core 
effects, twinning and high strain-hardening rate in the HSR compression, make the 
alloy a great potential material for many defense armor applications, crash resistance 
of automobile applications, and structural applications. 
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CHAPTER 5: FUTURE WORK 
As mentioned in the previous sessions, since strain rate and the temperature effect 
are usually coupled by an Arrhenius type equation during deformation, it may be 
important to research the high strain rate deformation of CoCrFeMnNi alloy under a 
cryogenic environment so as to study the temperature effect on the mechanical behavior 
and microstructure of the alloy. In addition, since the grain size of the material affects 
the dislocation movements in the material, the difference in grain size may also affect 
the twinning formation. Finally, the environment where the deformation occurs would 
have a huge effect on the mechanical behavior. Thus, for future work it may be essential 
to research the effect of an oxidative environment on the mechanical behavior of 
CoCrFeMnNi alloy. In addition, it is essential to use TEM analysis with much higher 
spatial resolution to study the detail of microstructures under all the strain rate 
conditions. 
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